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Abstract 
Some previous experimental studies has reported width effect for upward flame spread rate on thermally thin materials. But less of study 
on different distance. This study concerned about this topic by performing experiments using 2 mm thick, 85 mm width and 200 mm tall 
PMMA slabs with distances 2 mm, 7 mm, 13 mm, 19 mm and 25 mm to wall. Data were taken to show the flame spread characteristics of 
thin materials burning on different distances to wall. The data include flame height, pyrolysis height, flame spread rate and flame 
acceleration factor (FAF). Results showed that the ratio of flame height and pyrolysis height reduced linear and as constant when the 
distance is 7 mm, the biggest rate is 13 mm and the smallest rate is 2 mm. When the distance is 13 mm, the flame spread rate is bigger 
than the others, and 25 mm is second to 13 mm, the smallest is 2 mm. The FAF is between -1.0 and 1.0. 
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Nomenclature 
fX        the flame height (m) 
bX        the burnout front length (m)  
pX        the pyrolysis front length (m)   
X         a function of height (m) 
ft          a characteristic ignition time (s)  
bt          the burning duration (s) 
''
chQ       the chemical heat release rate per unit surface area (kW/m2)  
fk         the proportionality factor for the approximate.   
1. Introduction  
Previous studies have identified upward flame spread adherent on vertical surfaces due to concurrent direction of flame 
propagation and air flow.[1] But few people study the hazardous of distance effect to the upward flame spread. The upward 
fire spread and horizontal fire spread are different in many aspects, such as the upward fire is already ongoing before the 
first flame appear, as shown in Fig.1. The region ( fX - pX ) in this process is heated progressively and the flame propagates 
 
 
* Corresponding author. Tel.: +86-13605205282; fax: +86-516-83590598.  
E-mail address: zgq119xz@cumt.edu.cn 
 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the C BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICPFFPE 2015
282   Qian Li et al. /  Procedia Engineering  135 ( 2016 )  281 – 292 
on the surface reaches its ignition temperature. With different distance, the height of flame on the back is different and the 
heating extent and intensity is different, too. So flame height and heat transfer in the region ( fX - pX ), are clearly crucial in 
total process. In the process, combustion releases lots of energy which would directly heat unburned combustible. As a 
result of heat effect, combustible materials get burned and release heat which would heat unburned combustible again [2-3].  
 
Fig.1. Upward flame spreading 
Lots of researches had studied this process, but most of them focus on thermally thick materials. [4-8] Consalvia et al. [9] 
made numerical analysis of the heating process in upward flame spread over thick PMMA slabs. Cheng and Ito [10,11] 
studied the characterization of flame spread over PMMA. Parts of works studied on upward flame spread over thin materials. 
Processor Zhu Guo-qing [12-14] Studied on panorama museum canvas vertical combustion characteristics with the small 
size and full size respectively. Thomas and Webster [15] demonstrated that for thermally thin materials flame spread is 
faster for wider (width 6–100 mm) freely suspended strips of cotton fabric. Tsai and Wan [16] studied spreading PMMA 
wall fires, and showed significant width effect on flame spread rate for samples narrower than 300mm and an insignificant 
width effect for samples with width 300–900mm. Although some works studies thin materials, but few of them interested in 
the distance effect to the vertical flame spread with two faces exposed to air. So research the distance effect to the upward 
flame spread is an important study. 
2. Materials 
In this article, PMMA is selected as the materials with the thickness of 2 mm, and the length and width are 200 mm and 
85 mm respectively which mounted on an insulation board, as illustrated in Fig.2. We put the insulation board as the wall. 
The distance is between PMMA and the insulation board.  
 
Front view of experiment 
 
A side view of experiment (2mm) 
 
A side view of experiment(25mm) 
Fig.2 Schematic diagram of the experiment equipment  
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The materials we selected are the same length, width and thickness for five samples. The different aspect is that the 
distance to the wall of PMMA, there are 2 mm, 7 mm, 13 mm, 19 mm and 25 mm respectively. The detailed parameters are 
shown in Table 1. 
Table 1. Table for Experiment Materials 
Samples Size(length× width)/mm Thickness/mm Distance to wall/mm Material 
Sample 1 200×85 2 2 PMMA 
Sample 2 200×85 2 7 PMMA 
Sample 3 200×85 2 13 PMMA 
Sample 4 200×85 2 19 PMMA 
Sample 5 200×85 2 25 PMMA 
3. Experimental Design 
The experiments were carried out in a laboratory. And the ambient temperature was 10ć to 20ć.The important different 
aspects to other experiments is that two cameras are used in the experiment. Schematic diagram of experiment is shown as 
Fig.3. 
 
Fig.3 Schematic diagram of experiment 
It showed that the diagram have two digital cameras. One digital camera is used to obtain front view of the flame and the 
other one to obtain a side view of the flame. Based on the characteristic time scales for propagation, we can obtain the flame 
spread situation and flame shape at every second. Then, we can use the software, AutoCAD, to process these images. With 
the help of AutoCAD, flame height and the position of pyrolysis front at every second could be accurately recorded. In the 
experimental, we use the S type tension sensors, and the weighing sensors are used to get the data of mass lose at every 
second, we can calculate the mass lose rate by the data.   
4. Results and discussion 
Through the experiment, we observed some phenomenon and got some data. Then we can analyse the phenomenon of 
the experiment and process the data. At last, we can get some results from the analysis. In this article, we can’t study the 
flame spread on the back of the samples because of the situation that we can’t get the data of the flame height correctly. So, 
we can only observe the developing of the flame spread in the front of PMMA. 
4.1 Experimental phenomenon  
From the experiment, we get some pictures to reflect the phenomenon of the process of experiment. And we select 3 
samples (including 7 mm, 13 mm and 25 mm) to analyse the phenomenon. The detailed situation shown as Fig.4. 
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δ=7 mm 
      
δ=13 mm 
      
δ=25 mm 
Fig.4 The phenomenon of experiment from front view 
The Fig.4 tells us some information, firstly, the shape of the flame is inverse V at the beginning of the experiment, and 
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then changed to the other shapes, different distance have different shapes. Secondly, the material (PMMA) melting largely 
in the process of experiment, and some are dropped largely. Lastly, the flame spread faster than the others when the distance 
is 13 mm, and the 25 mm is second to 13 mm, and the slower is 7 mm.  
      
δ=7 mm 
      
δ=13 mm 
      
δ=25 mm 
Fig.5 The phenomenon of experiment from a side view 
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Through the Fig.5, we can see that there are flame on both sides on the process of the combustion all of the samples. The 
flame height of back is smaller than the front at the beginning of the experiment. The back of flame height is also smaller 
and the thickness of the flame is smaller than the front when the distance is 7 mm, but it changes higher and greater than the 
front when the distance is 25 mm. The height of the specimen with both sides is the same and the difference to the flame 
thickness is not evident. It said that the distance effect one of important factors in upward flame spread, and the influence is 
larger following the distance increasing. 
4.2 Flame Acceleration Factor 
This article was studied to the effect of distance for thin polymeric materials in upward fire spread behavior. But we can’t 
get the data what we want from the phenomenon and the data directly which we get from the experiment. So we can bring in 
a dimensionless parameter to explain the behavior. The parameter we bring in, a flame acceleration factor (FAF), is a 
function of ignition time, burning duration and chemical heat release rate obtained from E-2058 tests.[17] And the parameter, 
based on Quintiere et al.’s concurrent flame spread model [18,19] which burnout for thin polymeric materials. The 
dimensionless parameter which we bring in can be shown as the equation 1. 
 
''
  / 1f f bchFlame Acceleration Fac k Q tt tor      (1) 
In this experiment, we can’t measure the heat release rate of the equation 1, so we couldn’t calculate the flame 
acceleration factor, but we can use the other parameters instead of it, such as equation 2 [16]: 
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In this equation, the flame, the pyrolysis front length and the burnout front length are measured in the experiment. And 
the value of fk is approximately 0.01 (m2/kW) for the range of flame heights of interest, as suggested by Cleary and 
Quintiere [20]. So we can bring equation 1 in equation 2. Then the equation can be shown as equation 3. 
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In equation 3, all of the parameters are measured in the experiment, we can calculate the flame acceleration factor by 
using these parameters. Through processing the data which we get from the experiment as equation 3, we make the picture 
as the Fig.6 by the software of OriginPro8.5.1. 
 
Fig.6 Flame acceleration factor 
In the figure, Ls is flame spread length (m); Lt is total length of the sample (m). 
From the Fig.6, we can see that most of data are greater than zero but less of them than one in different time and at 
different distance. But there still has some data is less than zero. And the data are different for the same distance in different 
times. When the distance is 2 mm, the FAF decreased from about 0.5 to -0.85 followed the increased of Ls/Lt, the data of 13 
mm is from about -0.6 to 0.5, and the data of 25 mm is about -0.9 to 0.18, and others are fluctuation according to Ls/Lt. And 
the minimal changing is 25 mm for the five samples.  
According to the summarize of Mohammed M. Khan, when FAF<0 or negative, flame spread remains within the 
exposure flame region; when 0<FAF<1, flame partially propagates along the length of the sample, except for some melting 
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thermoplastics;[17] We can see that when FAF<0, the flame spread of PMMA should remain within the exposure flame 
region, But when 0<FAF<1, PMMA couldn’t use this results because of PMMA is the melting thermoplastics, but its flame 
spreads rapidly over the entire sample length what we can see from the Fig.6.   
4.3 Flame height and pyrolysis height    
Through the experiment, we get the data of flame height and pyrolysis height. And the data we get from the camera 
which are used in the experiment. Using the software of AutoCAD and OriginPro8.5.1 to get the relationship between flame 
height and pyrolysis height. We also can get the image of the fitted curve and fitting equation by mapping and fitting. Then 
we can see the specific situations from Fig.7 and Table 2. 
1) Relationship between flame height fX and pyrolysis height pX  
 
2mm 
 
7mm 
 
13mm 
 
19mm 
 
25mm 
 
summarizing 
Fig.7 Relationship between flame height and pyrolysis height  
From the Fig.7, we can see a linear relationship between fX and pX . When the distance to wall is 2 mm, the slope is the 
biggest and the slope of 13mm is the smallest than the other samples. And from pictures (2 mm to 25 mm), the fitted curve 
is good anastomosis to the actual line. And from the summarizing, we can see that the change is small between different 
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distances.  
Table 2. Fitting equation of flame height and pyrolysis height    
Samples Distance/mm Fitting equation R2 
Sample1 2 y=3.341x^0.825 0.993 
Sample2 7 y=1.933x^0.941 0.995 
Sample3 13 y=10.281+1.190x+(-7.62*10^-4)x^2 0.998 
Sample4 19 y=6.089+1.524x-0.00193x^2 0.993 
Sample5 25 y=12.725+1.398x+(-4.428*10^-4)x^2 0.991 
From the table 2, the quadratic can be ignored in the fitting equation, and then the equation can be as a linear because of 
the correlation coefficient is close to 1. It said that the fitting is good, and the equation can be used to forecast the spread of 
the flame. So we can use the result to fitting the other distance.  
2) Flame height normalized against the Pyrolysis height ( fX / pX ) changes along with time 
 
2mm 
 
7mm 
 
13mm 
 
19mm 
 
25mm 
 
summarizing 
Fig.8 The ratio of flame height and pyrolysis height changes along with time 
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From the Fig.8, we can know that the value of flame height normalized against the pyrolysis height between 1.5 and 2.2. 
When the distance is 7 mm, the value of it shown as a horizontal line approximately, and the largest fluctuation is when the 
distance is 25 mm. We can get the conclusion that 25 mm have the greatest impact to the thin material with two faces 
exposed to air in the five samples.  
Table 3. Fitting equation of the ratio of flame height and pyrolysis height 
Samples Distance/mm Fitting equation R2 
Sample1 2 y=2.092-0.0107x 0.806 
Sample2 7 y=1.448+0.006x-1.263*10^(-4)x^2 0.234 
Sample3 13 y=1.958-0.0392x+4.541*10^(-4)x^2 0.899 
Sample4 19 y=1.825-0.0104x 0.702 
Sample5 25 y=2.782-0.0634x+7.239*10^(-4)x^2 0.868 
From table3, y changes a little along with x, we can’t see y as a constant because the correlation coefficient is not close to 
1, but we can see it as a linear. From the fitting equation, we can see that the changes between 25 mm and 13mm is bigger 
than the others, and the value of 2 mm is bigger than the others and the shape of it tends to be a line. 
4.4 Flame spread rate 
As we all know, flame spread rate ( pV ) is one of the important parameters in the study of the spread of flame, so we need 
to study the parameter. And it was found that many theories had been presented about thin materials, and the foundation one 
as the equation 4. In this equation, the flame height is denoted by fX  and the pyrolysis height is pX  just as we defined in 
nomenclature. For a thermally thin material heated from one side by a flame plume, flame speed, or rate of change of 
pX and fX .   
 p f pp
ig
dx x x
v
dt t
    (4) 
Eq.4 follows from an assumption of steady spread rate with a perfectly insulated back face. We can use this equation to 
calculate the flame spread rate because the wall is insulated we using in the experiment. By considering an average heat flux 
over the heat transfer length fX - pX . In this experiment, we can’t measure the heat flux. And we can bring in a parameter, a 
function of height and using it against flame height, then we can observe the relationship between flame spread rate and a 
function of height against flame height.  
1) Flame spread rate changes with X / fX  
In this article we will study pV changes with X / fX . We can see the detailed situation from Fig.9 and table4.  
Fig.9 tell us the flame spread rate decreased with X / fX from all of the samples, and from the 2 mm to 25 mm, we can 
see that the trends of the five samples are the same. We also can see that the fastest decline is when the distance is 13mm, 
the slowest is 7mm. And when the distance is 25mm, the flame spread rate is in the middle in the 5 samples. From the last 
paragraph, the truth is the flame spread rate changes quickly at the beginning, and changes slowly at the other situations. 
Table 4 Fitting equation of flame spread rate 
Samples Distance/mm Fitting equation R2 
Sample1 2 y=5.614-2.266x+0.239x^2 0.648 
Sample2 7 y=6.840-1.897x+0.172x^2 0.493 
Sample3 13 y=7.342-1.058x  0.760 
Sample4 19 y=4.174-0.663x 0.421 
Sample5 25 y=4.055-0.408x  0.398 
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2mm 
 
7mm 
 
13mm 
 
19mm 
 
25mm 
 
summarizing 
Fig.9 pV  changes along with X / fX  
From table4, we can see that the slope is bigger than the others when the distance is 2 mm, the 25 mm is the smallest, and 
the 13 mm is in the middle of the five samples. And in general, the fitting equation is as a linear for all of the five samples.  
3) Flame spread rate changes with time 
4) The Fig.10 shows that the flame spread rate increased with time. The relationship between flame spread rate and 
time is almost as a line, and when the distance is 13 mm, pV increased faster than the others and 2 mm is the 
slowest one in the five samples. The 7 mm is second to the 13 mm, 19 mm and 25 mm are slower than 7 mm. 
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Fig.10 Flame spread rate  
5. Conclusion 
The distance effect on upward turbulent diffusion flames (in particular the two faces exposed to air) on thermally thin 
materials should be attention by the theory and experiments. Through the experiment and analysis, we can get the following 
conclusions: 
1) Flame acceleration factor. Through the experiment, we get the data about FAF. And for PMMA the data is almost 
0<FAF<1, and flame partially should be propagated along the length of the sample, but PMMA belongs to melting 
thermoplastics, so it doesn’t use this data. And we can see its flame spreads rapidly over the entire sample length from the 
experiment. 
2) Flame height and pyrolysis height. From the analysis, we can see that the flame height changed as a linear with 
pyrolysis, or we can defined that the ratio of flame height and pyrolysis height changed as a constant along with time. 
3) Flame spread rate. Analysis of results tells us when the distance is 13mm, the flame spread rate increased faster than 
the others, and the slowest is when the distance is 2mm. Although 25mm is the biggest distance, but the flame spread rate is 
not the faster, it ranked in second. 
The conclusions proved that the distance effect is an important factor in the upward flame spread. The flame acceleration 
factor, flame height, and flame spread rate are thus enhanced. The experimental observations supported the theory. 
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